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NF-kB is central for immune response and cell
survival, and its deregulation is linked to chronic
inflammation and cancer through poorly defined
mechanisms. IkBa and A20 are NF-kB target genes
and negative feedback regulators. Upon their activa-
tion by NF-kB, DSIF is recruited, P-TEFb is released,
and their elongating polymerase II (Pol II) C-terminal
domain (CTD) remains hypophosphorylated. We
show that upon DSIF knockdown, mRNA levels of
a subset of NF-kB targets are not diminished; yet
much less IkBa and A20 protein are synthesized,
and NF-kB activation is abnormally prolonged.
Further analysis of IkBa and A20 mRNA revealed
that a significant portion is uncapped, unspliced,
and retained in the nucleus. Interestingly, the Spt5
C-terminal repeat (CTR) domain involved in elonga-
tion stimulation through P-TEFb is dispensable for
IkBa and A20 regulation. These findings assign
a function for DSIF in cotranscriptional mRNA pro-
cessing when elongating Pol II is hypophosphory-
lated and define DSIF as part of the negative feed-
back regulation of NF-kB.
INTRODUCTION
NF-kB transcription factors are central to the cellular response
to a broad range of extracellular signals, including inflamma-
tory cytokines, tumor promoters, carcinogens, and chemothera-
peutic agents. In response to these signals, NF-kB induces
expression of genes affecting a variety of biological processes
such as inflammation, immune responses, cell survival, and the
cell cycle. A major pathway regulating NF-kB activity involves
its nuclear transport. In unstimulated cells NF-kB is retained in
the cytoplasm in an inactive form by IkB proteins. Signals that
activate NF-kB trigger ubiquitination and degradation of IkB by
the proteosome, resulting in transport of NF-kB into the nucleus
where it activates responsive genes (Hayden and Ghosh, 2004;
Karin and Lin, 2002). Under normal conditions, NF-kB activity
is transient because a subset of its early target genes that include
IkBa and A20 are themselves negative regulators of NF-kB722 Cell Reports 2, 722–731, October 25, 2012 ª2012 The Authorssignaling. IkBa and A20 act to sequester NF-kB proteins in the
cytoplasm and to inhibit NF-kB signaling, respectively. In certain
diseases involving NF-kB, its activity becomes persistent, pos-
sibly due to disruption of the negative feedback loop. Therefore,
NF-kB-mediated transcriptional control of these genes is likely to
influence the strength and the duration of NF-kB activity.
NF-kB target genes are subject to regulation at the elonga-
tion level. In response to NF-kB-activating signals, NF-kB target
genes are differentially regulated by P-TEFb and DSIF (Spt4/5)
transcription elongation factors (Ainbinder et al., 2004; Amir-Zil-
berstein et al., 2007; Barboric et al., 2001; Luecke and Yama-
moto, 2005). This differential regulation is dependent on NF-kB
itself, the core promoter type, the initiation complex, and other
unknown factors. NF-kB target genes driven by TATA-containing
promoters tend to be under P-TEFb control, whereasweak TATA
and TATA-less genes, including IkBa and A20, are regulated by
DSIF (Amir-Zilberstein et al., 2007). It is well established that
the RNA polymerase II (Pol II) C-terminal domain (CTD) is phos-
phorylated by P-TEFb during elongation on serine 2, and this
phosphorylation facilitates cotranscriptional mRNA processing
(Bentley, 2005; Buratowski, 2009; Hirose et al., 1999; Kornblihtt
et al., 2004; Lenasi and Barboric, 2010). However, in the IkBa
and A20 genes, the major form of elongating Pol II is hypophos-
phorylated (Amir-Zilberstein et al., 2007).
In the present study, we investigated the regulation of a subset
of NF-kB target genes by DSIF and found that in its absence, the
IkBa and A20 mRNAs are not properly spliced and exported. As
a result, much less IkBa and A20 proteins are synthesized, and
NF-kB signaling is substantially prolonged. This in turn further
increases their mRNA levels. Interestingly, the C-terminal repeat
(CTR) domain of Spt5 involved in elongation stimulation through
P-TEFb is dispensable for this function.
RESULTS
Opposing Effects of DSIF onmRNA and Protein Levels of
NF-kB Target Genes
Upon activation of NF-kB, DSIF is recruited to IkBa and A20
genes in Jurkat, HEK293T (Ainbinder et al., 2004; Amir-Zilber-
stein et al., 2007), and HeLa cells (Figure S1 available online).
Downregulation of the Spt5 subunit of DSIF increases IkBa
and A20 mRNA levels in HeLa (Figure 1A) and MCF7 (Figure S2),
as previously shown for HEK293 (Ainbinder et al., 2004; Amir-
Zilberstein et al., 2007). Similarly, JunB, another NF-kB target
Figure 1. Downregulation of DSIF Differentially Affects mRNA and Protein Levels of NF-kB Target Genes
(A) HeLa cells were transfected with a mix of two Spt5 RNAi vectors or with the same amount of the parental vector pSuper. After 48 hr, cells were treated with
TNF-a for 1 hr, and the expression of A20, IkBa, JunB, CXCL1, and GAPDHmRNAwas analyzed by RT-PCR. The graphs represent the levels of A20, IkBa, JunB,
and CXCL1 mRNAs relative to GAPDH of three independent experiments (average ± standard error of the mean [SEM]).
(B) HeLa cells expressing Spt5 RNAi were treated with TNF-a for the indicated times. Levels of b-tubulin, Spt5, IkBa, A20, and JunB proteins were analyzed by
western blot. Levels of CXCL1 protein in medium were analyzed by ELISA and presented in the graph.
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Figure 2. Downregulation of Spt5 Causes Retention of NF-kB in the
Nucleus
(A) HeLa cells were transfected with Spt5 RNAi vectors or with parental vector
pSuper. Cells were than treatedwith TNF-a for the indicated times, followed by
preparation of either nuclear or whole-cell extracts, which were then subjected
to western blot with the indicated antibodies.
(B) HeLa cells were transfected either with pSuper, Spt5 RNAi, or Spt5 RNAi
and Spt5 expression plasmid, then induced by TNF-a and analyzed bywestern
blot as in (A).
(C) HeLa cells were transfected with expression plasmid of either the Spt5
subunit or the parental vector for 48 hr, induced by TNF-a, and analyzed by
western blot.gene expressed in HeLa cells (Frazier-Jessen et al., 2002;
Lo´pez-Rovira et al., 2000) and regulated by DSIF (Aida et al.,
2006), was upregulated by Spt5 depletion (Figure 1A). On the
other hand, downregulation of DSIF dramatically decreased
the basal levels of the chemokine CXCL1 mRNA, but not its
TNF-a-induced levels (Figure 1A).
We next analyzed the effect of DSIF knockdown on the protein
levels of A20, IkBa, JunB, and CXCL1 at various time points after
TNF-a induction (Figure 1B). In control cells, the A20, JunB, and
CXCL1 protein levels gradually increase (Figure 1B, blot lanes
1–4 and graph columns 1–3). The IkBa protein in untreated cells
has a high initial level (Figure 1B, lane 1) and is diminished by
30 min as a consequence of its degradation shortly after
TNF-a induction (Figure 1B, lane 2) and then recovers almost724 Cell Reports 2, 722–731, October 25, 2012 ª2012 The Authorscompletely within 2 hr due to its induction by NF-kB (Figure 1B,
lanes 3 and 4). Surprisingly, in Spt5 knockdown cells, the
induced levels of A20, IkBa, and CXCL1 proteins at 60 and
120 min are markedly reduced (Figure 1B, blot lanes 7–8 and
graph columns 4–6), whereas those of JunB are much higher
and correlate well with the increase in itsmRNA levels (Figure 1B,
lanes 7–8). Similar analysis of A20 and IkBa inMCF7 cells yielded
the same results (Figure S2). Thus the correlation between
mRNA and protein levels is not maintained for a subset of NF-
kB genes in DSIF-depleted cells.
DSIF Is Required for Termination of NF-kB Signaling
Rapid activation of IkBa and A20 serves to limit the intensity and
the duration of NF-kB activity in the nucleus. As DSIF is critical
for expression of IkBa and A20 proteins, we examined its impact
on the duration of NF-kB activity by following its accumulation in
the nuclear fraction of cells treated with TNF-a. Under resting
conditions, the p65/RelA subunit of NF-kB was not detected in
the nuclear extract, but within 30 min of TNF-a induction, it
clearly was (Figure 2A lanes 1 and 2). After 60 and 120 min,
most of the p65/RelA had translocated back from the nucleus
due to activation of the negative feedback regulatory genes
(lanes 3 and 4). In the Spt5 RNA interference (RNAi) expressing
cells, p65/RelA enters the nucleus within 30 min in even greater
amounts and lingers for much longer (lanes 5–8). The p65 levels
in the Spt5 RNAi-expressing cells 120 min after induction are
actually as high as the peak level in control cells at 30 min. We
analyzed the level of p65/RelA in whole-cell lysate to determine
whether it is increased upon Spt5 depletion; we found the level
to be unaffected (Figure 2A, last row). Sp1, a constitutively ex-
pressed nuclear factor that served as a normalizing control for
the nuclear extract, was unchanged. The accumulation and
retention of p65/RelA in the nucleus in Spt5 knockdown cells
therefore reflect its aberrant regulation by IkBa and A20 and
most likely contribute to their increased mRNA levels.
To confirm that the effect on A20 and IkBa proteins levels is
DSIF dependent, we expressed the exogenous Spt5 subunit in
Spt5 RNAi-transfected cells and found that the TNF-a induction
of A20 and IkBa protein was restored (Figure 2B).
To gain an additional support independent of RNAi, for the
effect of Spt5 on A20 and IkBa proteins, cells were transfected
with Spt5 expression plasmid or the parental vector and then
induced by TNF-a for various time points. The results revealed
that overexpression of Spt5 had the opposite effect of Spt5
RNAi, as it significantly increased the NF-kB-induced levels of
both A20 and IkBa (Figure 2C). Together these findings suggest
that DSIF is critical for productive expression of A20 and IkBa.
Downregulation of DSIF Differentially Affects mRNA
Capping of NF-kB Target Genes
Spt5 was reported to interact with capping enzymes (Lindstrom
et al., 2003; Mandal et al., 2004; Pei and Shuman, 2002;Wen and
Shatkin, 1999), so we first examined the role of DSIF on cotran-
scriptional capping of A20, IkBa, JunB, and CXCL1. We used an
antibody that specifically recognizes the m7G cap structure
(Moteki and Price, 2002) to immunoprecipitate capped mRNAs
from TNF-a-stimulated control or Spt5 knockdown cells (Fig-
ure 3A, top). The results revealed that the relative amount of
Figure 3. DSIF Differentially Affects mRNA Capping of NF-kB Target Genes
(A) Analysis of 50-capping of NF-kB-induced transcripts. HeLa cells were transfected with a mix of Spt5 RNAi vectors or parental pSuper and treated with TNF-a
for 1 hr. Fivemicrograms of total RNAwas subjected to immunoprecipitationwith anti-2,2,7-Trimethylguanosine (m7G) antibody conjugated to agarose beads, as
illustrated in the upper panel. Levels of A20, IkBa, JunB, CXCL1, and GAPDH transcripts were analyzed by RT-PCR. The graphs present the A20, IkBa, JunB, and
CXCL1 of the capped enriched fractions of three independent experiments (average ± SEM).
(B) HeLa cells were transfected with either control (pSuper) or Spt5 RNAi vectors for 48 hr, treated with TNF-a for 30 min, and then subjected to chromatin
immunoprecipitation (ChIP) with anti-HCE antibodies followed by PCR analysis with the primers from the indicated positions of the A20, IkBa, JunB, and CXCL1
genes. Quantified results, normalized to the input, from two to three independent experiments are shown.
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the TNF-a-induced capped mRNA of CXCL1 is markedly
reduced, and those of A20 and IkBa are moderately reduced in
Spt5 knockdown cells compared to control cells (Figure 3A). In
contrast, the amount of capped JunBmRNA in Spt5 knockdown
cells reflects its levels in the whole-cell preparation (Figures 3A
and 1A). Likewise, the levels of the capped GAPDH mRNA
used for normalizing control were unchanged by Spt5 knock-
down. These findings reveal a differential requirement of DSIF
for capping of NF-kB target genes, with CXCL1 being the most
and JunB the least DSIF dependent. Although the decrease in
the amount of capped A20 and IkBa is not sufficient to account
for the decrease in their protein levels, the reduction in capped
CXCL1 is correlated with the decrease in its protein levels.
The effect of DSIF on mRNA capping suggests that it is in-
volved in the cotranscriptional recruitment of capping enzymes.
To test this possibility, we performed chromatin immunoprecip-
itation (ChIP) assayswith antibodies directed against the human-
capping enzyme RNA guanylyltransferase and 50-phosphatase
(HCE). Upon TNF-a induction, the levels of HCE at the A20,
IkBa, JunB, and CXCL1 genes are elevated in control cells,
and its induced levels are substantially diminished in all Spt5
knockdown samples (Figure 3B). Interestingly, the reduction in
HCE recruitment upon Spt5 knockdown is not closely correlated
with its effect onmRNAcapping shown in Figure 3A, especially in
JunB. This suggests that some of the newly transcribed mRNA
may undergo capping posttranscriptionally, or that there are
differences in the sensitivities of the assays.
DSIF Is Selectively Required for mRNA Splicing and
Export of NF-kB Target Genes
The reduction in the levels of capped A20 and IkBamRNAs does
not fully explain the dramatic reduction of their protein levels. We
therefore considered the possibility that it may be linked to
subsequent mRNA processing steps and Pol II CTD phosphory-
lation. The phosphorylation of CTD on serine 2 during elongation
is known to promote cotranscriptional mRNA processing. How-
ever, the major form of the elongating Pol II on A20 and IkBa is
underphosphorylated, and their transcription is insensitive to
drugs that inhibit P-TEFb (see Introduction). We used antibodies
directed against the nonphosphorylated CTD (8WG16) or the
serine 2-phosphorylated form (H5) to examine the form of Pol IIFigure 4. DSIF Is Selectively Required for Efficient Processing of A20 a
(A) The phosphorylation state of Pol II on the A20, IkBa, JunB, andCXCL1 genes in
with control IgG or two different Pol II antibodies: 8WG16, which preferentially
2-phosphorylated form of Pol II. The immunoprecipitated DNAs were subjected
genes. Representative results from two independent experiments are shown.
(B) The effect of Spt5 on mRNA splicing. The upper panel shows a schematic re
were designed to monitor the levels of mature and immature transcripts as indi
prepared, and RTwas performedwith gene-specific primers for A20, IkBa, CXCL1
and immature transcripts. The graphs present the spliced and unspliced levels o
(average ± SEM). Control reactions without reverse transcriptase were carried o
validated by western blot for each experiment (data not shown).
(C) DSIF facilitates nuclear export of A20 and IkBa mRNAs. Spt5 knockdown or
cytosolic and nuclear fractions. Levels of A20, IkBa, JunB, CXCL1, and GAPDH w
JunB, and CXCL1 levels relative to GAPDH in the different fractions from three in
(D) Control and Spt5 knockdown HeLa cells were treated with TNF-a for 30 min an
with the primers from the indicated positions. Quantified results, normalized to t
(E) HeLa cells transfected with Spt5 RNAi were subjected to western blot with a
Cthat is recruited to A20 and IkBa genes in TNF-a-induced HeLa
cells. The 8WG16 gave a strong induction in the coding regions
of A20 and IkBa genes, whereas serine 2 Pol II was clearly not
induced and even slightly diminished (Figure 4A) as previously
found in other cell types (Amir-Zilberstein et al., 2007). In
contrast, there is a clear induction of phospho-serine 2 Pol II in
the coding regions of JunB and CXCL1 as expected (Figure 4A).
The enrichment by both 8WG16 and H5 within the coding
regions of JunB and CXCL1 is not unexpected as it may reflect
the presence of some unphosphorylated repeats on the elon-
gating polymerase molecules as previously documented (Ba-
taille et al., 2012; Drouin et al., 2010). We therefore investigated
whether DSIF acts to coordinate elongation with mRNA pro-
cessing in the absence of CTD phosphorylation. For this pur-
pose, we determined the effect of DSIF downregulation on
mRNA splicing of A20 and IkBa and CXCL1 (JunB is intronless
and therefore was not included in this analysis). We designed
primers for RT and PCR that enabled us to detect unspliced
and spliced transcripts of A20, IkBa, andCXCL1 as shown in Fig-
ure 4B. Although the spliced mRNA levels of A20 and IkBa are
higher in Spt5 knockdown than in control cells following TNF-a
induction, the difference is more pronounced for the unspliced
transcripts of the A20 gene (3.8- versus 1.5-fold, respectively).
With the CXCL1 gene, the amount of the unspliced transcript is
almost unchanged in control of Spt5 knockdown cells. These
results indicate that some of the extra A20 mRNA that accumu-
lates with Spt5 knockdown is unspliced, suggesting that DSIF
facilitates its splicing. Nevertheless, the level of mature spliced
mRNA in Spt5 knockdown cells still seems sufficient for produc-
tive gene expression.
We also examined whether DSIF affects the extent and the
length of polyadenylation of A20, IkBa, and GAPDH genes, but
here we found no significant changes (Figure S3).
Export of mature mRNA from the nucleus to the cytoplasm is
a highly regulated process that usually takes place after the tran-
script has undergone quality assurance and packaging by export
factors (Rondo´n et al., 2010). In light of previous reports of
coupling between transcription elongation, splicing, and export
through Pol II CTD phosphorylation (Bre`s et al., 2008; Buratow-
ski, 2009; Lenasi and Barboric, 2010), we examined whether
in A20 and IkBa genes, DSIF has a role in mRNA export. RNAnd IkBa mRNAs
HeLa cells. Cells were treatedwith TNF-a for 30min and then subjected toChIP
recognizes the nonphosphorylated CTD, or H5 directed against the serine
to PCR analysis with primers from the middle of A20, IkBa, JunB, and CXCL1
presentation of the A20, IkBa, and CXCL1 gene segments from which primers
cated. Spt5 knocked down HeLa cells treated with TNF-a for 1 hr. RNA was
, andGAPDH followed by PCR amplification with primers specific to themature
f A20, IkBa, and CXCL1 relative to GAPDH of three independent experiments
ut for each sample to ensure lack of contaminating DNA. Spt5 depletion was
control HeLa cells were treated with TNF-a followed by RNA extraction from
ere monitored by RT-PCR. The graphs present quantified results of A20, IkBa,
dependent experiments (average ± SEM).
d then subjected to ChIP with anti-THOC1 antibodies followed by PCR analysis
he input, from two to three independent experiments are shown.
ntibodies against major mRNA-processing factors as indicated.
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Figure 5. The CTR Domain of Spt5 Is
Dispensable for Regulation of A20 and
IkBa Expression
(A) A schematic representation of Spt5 domains
and mutants.
(B) HeLa cells were transfected with either pSuper,
Spt5 RNAi, or Spt5 RNAi together with expression
plasmid of Spt5 protein variants shown in (A) and
then induced by TNF-a for 1 hr and analyzed by
western blot for the levels of exogenous Spt5
proteins (a-flag), b-tubulin, IkBa, and A20.
(C) The effect of DSIF depletion on TFIIF levels.
Spt5 knockdown cells were treated with TNF-a
and subjected to ChIP assay with anti-Rap74
antibodies followed by PCR analysis with primers
from the middle of the A20, IkBa, and JunB genes.
Quantified results, normalized to the input, from
three independent experiments are shown.was prepared from cytosolic and nuclear cell lysates from un-
treated or 1 hr TNF-a-treated cells that had been transfected
with Spt5 RNAi. To ensure the quality of subcellular fractionation,
we analyzed the levels of immature A20 transcripts in the whole
and cytosolic preparations. Although the immature A20 mRNA
was clearly detected in the whole-cell RNA preparation, it was
not detected in the cytosolic fractions, whereas mature GAPDH
levels were similar in all samples, as expected (Figure S4). As
shown in Figure 4C, in the cytosolic fraction, the TNF-a-induced
mRNA levels of A20 and IkBa in Spt5 knockdown samples are
much lower compared to the control, so the effect of TNF-a
induction is markedly reduced. In accordance, a similar analysis
of the RNA prepared from the nuclear fraction revealed much
larger amounts of A20 and IkBa transcripts in the Spt5 knock-
down samples compared to control, indicating their accumula-
tion in the nucleus (Figures 4C and S4). In contrast, the mRNA
levels of JunB and CXCL1 in the cytosolic fraction mirror its total728 Cell Reports 2, 722–731, October 25, 2012 ª2012 The Authorslevels. The calculated relative export effi-
ciency was found to be 32% and 38% for
A20 and IkBa, respectively, but 88% and
97% for JunB and CXCL1, respectively.
Thus, DSIF appears to play an important
role in coordinating the transport of
mature transcripts of A20 and IkBa from
the nucleus to the cytosol.
As both A20 and IkBa were selectively
dependent on DSIF for their efficient
mRNA export, we used ChIP assays to
examine the effects of DSIF depletion on
cotranscriptional recruitment of THOC1
(p84), a subunit of the transcription/
export complex (TREX). Upon TNF-a
induction, THOC1 levels at the tran-
scribed regions of A20 and IkBa are
elevated, but its induced levels are
diminished in Spt5 knockdown samples
(Figure 4D).
We also determined the total protein
levels of HCE and THOC1, as well as ofa battery of other central mRNA-processing factors, and found
no significant reduction in any of them upon Spt5 knockdown
(Figure 4E). This rules out the possibility that downregulation of
these factors is the cause of the aberrant mRNA processing of
A20 and IkBa. These results support the idea that DSIF plays
a critical role in coordinating transcription elongation and cotran-
scriptional recruitment of mRNA-processing factors.
The C-Terminal Repeats of Spt5 Are Dispensable for
Regulation of A20 and IkBa
Spt5 is a large protein with several conserved motifs that include
a NusG N-terminal homology (NGN) domain, which harbors the
interaction domain with Spt4. In addition, it has Pol II-interacting
regions and a repetitive heptapeptide motif in the C-terminal
region called CTR (Figure 5A). The CTR domain is critical for
the positive elongation activity of Spt5 and for the 5,6-dichloro-
1-b-D-ribofuranosylbenzimidazole (DRB) mediated repression
(Chen et al., 2009; Ivanov et al., 2000; Yamada et al., 2006). The
phosphorylation of this domain by P-TEFb was proposed to be
a switch from negative to positive effects on elongation (Yamada
et al., 2006). To determine the domains important for Spt5 regu-
lation of A20 and IkBa genes, we examined the ability of Spt5
mutants to restore the expression of A20 and IkBa proteins
following the depletion of endogenous Spt5 by RNAi. Cells
were treated with TNF-a for 1 hr, and levels of Spt5, tubulin,
A20, and IkBawere determined by immunublot. As shown in Fig-
ure 5B, thewild-typeSpt5 (lanes 5 and6) but not the empty vector
(lanes 17 and 18) rescued A20 and IkBa expression. Themutants
lacking NGN/Spt4 and Pol II interaction domains (lanes 7–12) as
well as the C terminus (lanes 15 and 16) failed to rescue A20 and
IkBa protein expression. Interestingly, the only mutant that
restored A20 and IkBa expression is the DCTR 1+2 (lanes 13
and 14). These results suggest that the positive elongation
activity of Spt5 associated with the CTR domain as well as the
DRB-mediated repression are not required for the regulation of
A20 and IkBa expression. This is in line with the observation
that P-TEFb is released from these genes upon their activation,
and accordingly their induced transcription is resistant to DRB.
Interplay between DSIF and TFIIF in Elongation Control
of NF-kB Target Genes
We were puzzled by the CTR mutant’s lack of effect on the
expression of A20 and IkBa, as it was shown to be a critical
domain for the elongation activity of DSIF. In addition, we were
unable to find a significant change in the elongation rate of these
genes (data not shown). To elucidate the underlying basis for
this, we considered the observation that in yeast, TFIIF and
DSIF are dynamically associated with the yeast-elongating Pol
II (Mosley et al., 2011) and functionally compete with each other
in vitro (Renner et al., 2001). We therefore examined the interplay
between DSIF and TFIIF. Control and Spt5 RNAi-transfected
cells were induced by TNF-a and then subjected to ChIP assay
with antibodies directed against Rap74, the large subunit of
TFIIF. The results (Figure 5C) revealed that upon Spt5 knock-
down, the basal and the TNF-a-induced levels of TFIIF associ-
ated with the body of A20, IkBa, and JunB genes are significantly
enhanced in all the genes analyzed. We checked the effect of
DSIF on the protein levels of RAP74 and found no change (Fig-
ure S5). Thus upon DSIF knockdown, the elongating Pol II is
associated with higher levels of TFIIF on these genes.
DISCUSSION
The results presented here suggest a mechanism of cotranscrip-
tional mRNA processing without CTD phosphorylation and a
function of DSIF in coordinating elongation with mRNA splicing
and export. Upon NF-kB activation of A20 and IkBa genes,
P-TEFb is released, and DSIF accompanies the elongating
Pol II. In the absence of DSIF, Pol II continues to transcribe the
A20 and IkBa genes, possibly as a consequence of increased
association of TFIIF.However, a significant portion of the induced
mRNA is uncapped, unspliced, and fails to be exported. Thus it
appears that the elevated levels of TFIIF cannot replace DSIF’s
positive effect onmRNAprocessing. It is possible thatDSIF stabi-
lizes theelongatingPol II and facilitates recruitment andactivity ofCmRNA-processing components, especially when Pol II CTD is
hypophosphorylated and has a lower affinity for these factors
to begin with (Bentley, 2005; Buratowski, 2009; Hirose et al.,
1999; Kornblihtt et al., 2004; Lenasi and Barboric, 2010).
The requirement of DSIF for mRNA processing of NF-kB target
genes appears to be gene specific. Upon Spt5 depletion, the
capping of CXCL1mRNAwas substantially diminished, whereas
that of JunB was almost unaffected. Likewise, the splicing of
CXCL1 and the export of CXCL1 and JunB were almost un-
changed, whereas the splicing of A20 and the export of A20
and IkBa were markedly reduced. Thus the reduction in
CXCL1 protein synthesis can be primarily attributed to the
considerable drop of its capping. With A20 and IkBa, the effect
of DSIF depletion on protein synthesis is substantially more
severe than its effect on either capping or splicing, whereas
the influence on mRNA export is striking. Therefore, it is reason-
able to assume that most A20 and IkBa mRNA molecules are
defective in at least one parameter of mRNA processing, which
is enough to prevent their translation into protein. These multiple
points of regulation over mRNA production of NF-kB negative
feedback genes, and consequently the effect on duration and
strength of NF-kB activity, render DSIF an integral part of the
negative feedback regulation of the NF-kB pathway.
Although A20 and IkBa are clearly direct target genes of DSIF
under basal and NF-kB-induced activity, the dramatic effects of
Spt5 knockdown and overexpression of their protein levels are
likely to be a combination of the observed effects on mRNA pro-
cessing and other indirect effects. For example, the failure to
terminate NF-kB signaling in the absence of DSIF most likely
contributes to the continuous synthesis of NF-kB target gene
mRNA and the increase in their steady-state levels, in spite of
DSIF depletion. Also, A20 is a ubiquitin-editing enzyme that
acts to terminate TNF-a signaling upstream of IkBa (Wertz
et al., 2004). It is possible that downregulation of A20 through
Spt5 knockdown contributes to the reduced IkBa levels by pre-
venting termination of TNF-a signaling, which in turn continues to
promote IkBa degradation.
The unique control of the negative feedback regulatory
genes by DSIF may be utilized by cells under circumstances
in which prolonged NF-kB activity is needed. On the other
hand, lower DSIF activity could contribute to pathological states
in which NF-kB becomes constitutively active, such as inflam-
matory and autoimmune diseases, neurological disorders, and
cancer. Future studies focusing on DSIF under specific physio-
logical and pathophysiological settings could lead to the
discovery of new molecular parameters deregulated in disease
and to novel drug targets for selective manipulation of NF-kB
activity.EXPERIMENTAL PROCEDURES
Transfections and Plasmids
To knockdown Spt5, 1,250,000 cells were plated in a 10 cm dish and trans-
fected 24 hr later with ICAFectin441 (In-Cell-Art) and 12 mg of either pSUPER
or a mix of two distinct pSUPER-spt5-RNAi, together with 0.5 mg CMV-GFP-
Puro plasmid. Transfected cells were selected for 24 hr with puromycin
(1 mg/ml) and then induced with 20 ng/ml TNF-a for the indicated times.
For the Spt5 knockdown rescue by deletion mutants, 150,000 HeLa cells
were transfected in 6-well plates with 3 mg DNA mix containing pSUPER,ell Reports 2, 722–731, October 25, 2012 ª2012 The Authors 729
spt5-RNAi, or a combination of RNAi with the pLenti vector expressing wild-
type or mutant Spt5.
RNA Isolation and Analysis
Total RNA was prepared using the RNAeasy kit (5 PRIME). Isolation of capped
mRNA was done as described (Moteki and Price, 2002). cDNA was synthe-
sized using 0.25–0.5 mg of total RNA or 50 ng of capped RNA with either
oligo(dT)15 primer or gene-specific primers as indicated and SuperScript II
reverse transcriptase (Invitrogen). cDNA was subjected to PCR using
a Crymson taq polymerase (New England Biolabs) kit after the linear range
was first determined for each PCR reaction. The sequences of the primers
used in this study are shown in Table S1.
ChIP
HeLa cells (approximately 1.5 3 106 for each IP) were subjected to Spt5
knockdown or pSUPER transfection as described above. Cells were then
crosslinked with 1% formaldehyde for 10 min at room temperature. Chromatin
extraction and immunoprecipitations were carried out as previously described
(Amir-Zilberstein et al., 2007). DNA samples were analyzed by qPCR in an ABI
7300 Real Time PCR system using Power SYBR PCR reaction mix (ABI).
Primer sequences are shown in Table S1.
Extract Preparations, Western Blot, ELISA Assay, and Antibodies
Whole- and nuclear-cell extract was prepared as described (Amir-Zilberstein
et al., 2007). RBP1 and Spt5 antibodies were previously described (Amir-Zil-
berstein et al., 2007). Antibodies for Sp1, p65, JunB, b-tubulin, Y14, hnRNP
A1, and hnRNP A2 were from Santa Cruz Biotechnology; IkBa antibody was
from BD-transductions; A20 antibody was from eBiosciences; HCE and
THOC1 antibodies were from Genetex Ltd; antibodies against EJC complex
subunit Magoh and TFIIF subunit Rap74 were from AbCam; and the antibody
against SR and Smproteins were kindly provided by Josef Sperling (Weizmann
Institute). For the ELISA assay, medium was collected and analyzed in tripli-
cates using a Human GROa (CXCL1) ELISA kit (Peprotech 900-K38) according
to manufacturer’s instructions.
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